Energy balance exerts a critical influence on reproduction via changes in the circulating levels of hormones such as insulin. This modulation of the neuroendocrine reproductive axis ultimately involves variations in the activity of hypothalamic neurons expressing GnRH. Here we studied the effects of insulin in primary hypothalamic cell cultures as well as a GnRH neuronal cell line that we generated by conditional immortalization of adult hypothalamic neurons. These cells, which represent the first successful conditional immortalization of GnRH neurons, retain many of their mature phenotypic characteristics. In addition, we show that they express the insulin receptor. Consistently, their stimulation with insulin activates both the phosphatidylinositol 3-kinase and the Erk1/2 MAPK signaling pathways and stimulates a rapid increase in the expression of c-fos, demonstrating their responsiveness to this hormone. Further work performed in parallel in immortalized GnRH-expressing cells and primary neuronal cultures containing non-GnRH-expressing neurons shows that insulin induces the expression of GnRH in both models. In primary cultures, inhibition of the Erk1/2 pathway abolishes the stimulation of GnRH expression by insulin, whereas blockade of the phosphatidylinositol 3-kinase pathway has no effect. In conclusion, these data strongly suggest that 
H
YPOTHALAMIC GnRH neurons exert a biological function crucial to species survival: they represent the center of integration of the neuroendocrine reproductive axis (1, 2) . Their coordinate activation is a prerequisite to the awakening of that axis at puberty as well as continuing reproductive competence in adulthood. Such activation is critically dependent on adequate body energy stores (3) , as exemplified by the observation that unfavorable metabolic conditions impede on reproductive activity (4) . This inhibition is likely mediated at the level of the hypothalamus via mechanisms implicating the existence of factors signaling the nutritional status of an individual to the central nervous system (5) .
Leptin is primarily a central inhibitor of food intake, which also participates in the regulation of reproductive activity by metabolic changes (6, 7) . These effects are mediated, at least partially, via hypothalamic neuropeptide Y (NPY)-ergic neurons and pathways (8 -12) . In recent years evidence that insulin can play very similar roles has accumulated: like leptin, insulin is transported actively across the blood-brain barrier (13) , and has the potential to function as a satiety signal in the hypothalamus (14, 15) . In addition, mice harboring a neuron-specific deletion of the insulin receptor also suffer from central hypogonadism (14) . This newly discovered role of insulin in the regulation of reproduction is further underlined by the observations, in human and animal models, that insulin-dependent diabetes mellitus is associated with reproductive abnormalities resulting from impaired LH secretion (16, 17) . Consistent with this observation, we have demonstrated that insulin activates the neuroendocrine reproductive axis of normal mice in vivo and that this effect involves the stimulation of hypothalamic GnRH expression and secretion (18). However, the precise hypothalamic target neurons of insulin, or the cellular and molecular mechanisms mediating its reproductive effects, remain largely unknown. We describe here the successful generation of GnRH-expressing cells by conditional immortalization of adult hypothalamic neurons. We then used these immortalized GnRH-expressing cells in parallel with primary cultures of hypothalamic neurons (19) to ascertain the potential direct effects of insulin on GnRH-expressing neurons. Taken together, our data suggest that GnRH neurons themselves may be directly modulated by insulin. If confirmed in vivo, this could provide a novel mechanism underlying the permissive effects exerted by insulin on the gonadotrope axis (14, 18) . In addition, we have demonstrated that the intracellular mechanisms involved in the stimulation of GnRH gene expression by insulin implicate the MAPK Erk1/2 signaling pathway. This latter finding is contrasting to data regarding the action of insulin on feeding, which has been linked to the phosphatidylinositol 3-kinase (PI3K) pathway (20) . We suggest that the cell lines described here will constitute a useful novel tool for the study of the activation of hypothalamic GnRH neurons at the cellular and molecular levels.
Materials and Methods
All these experiments were approved by both the institutional and state ethical committees on animal research.
Conditional immortalization of GnRH neurons
Twelve different clonal cell lines were derived from primary cultures of adult rat hypothalamic neurons. Hypothalami were obtained from 10-to 12-wk-old female Wistar rats: after killing by decapitation, whole brains were rapidly removed from the skull, and the hypothalamus dissected out by two coronal cuts (anteriorly at the anterior border of the optic chiasma and posteriorly at the level of the mammillary bodies) followed by two parasagittal cuts along the hypothalamic sulci and a final cut dorsally, at a depth of approximately 3 mm from the ventral surface of the tissue block. Cells were dispersed mechanically in PBS buffer (PBS without calcium or magnesium; Gibco, Gaithersburg, MD) supplemented with 0.06% glucose (Fluka Chemie GmbH, Buchs, Switzerland) and 100 U per 100 g/ml penicillin/streptomycin (Seromed, Flakola, Basel, Switzerland). Freshly excised whole hypothalami were gently passed several times through Pasteur pipettes flamed in the middle of the procedure to decrease the diameter of their opening. Nondispersed tissue was allowed to settle for 5 min and supernatant transferred to a clean tube. The remaining pellet was resuspended in 4 ml of PBS buffer and mechanical dispersion repeated. Supernatants from first and second dispersion were mixed, centrifuged for 5 min at 100 ϫ g and the cellular pellet gently resuspended in 5 ml of neurobasal medium (Gibco) and 0.04% B27 supplement (Gibco BRL, Basel, Switzerland) containing 500 m glutamine and 25 m glutamate (Sigma, Buchs, Switzerland). After dispersion, cells were plated at a density of 400,000 live cells/well in six-well plates (Corning Costar Corp., Cambridge, MA) coated with 5 g/ml poly-d-lysine (Sigma, Fluka Chemie) and grown in neurobasal A medium (Invitrogen AG, Basel, Switzerland) with B27 supplement (Invitrogen) containing 500 m glutamine and 25 m glutamate (Sigma, Fluka Chemie) as described (18, 19) . Half of the medium was changed every fourth day. Cells were immortalized 10 d after dispersion by the transduction of two different lentiviral vectors (Fig. 1A) .
By fusing a 2-kb fragment of the rat GnRH promoter to the reverse tetracycline transactivator (rtTA) gene, the first vector was designed to direct the expression of the rtTA in GnRH-expressing neurons. In the second vector, the tetracycline-responsive element (TRE) (21) was fused to the v-myc oncogene, immediately followed by the minigene encoding resistance to puromycine. With this design, the addition of low concentrations of tetracycline in the culture medium was expected to drive the transcriptional activation of v-myc in GnRH-expressing cells infected with both lentiviral vectors.
The first vector (pSIN-GnRHprom-rtTA-WHV), carrying a modified Tet-On construct (21) in which the cytomegalovirus (CMV) promoter is deleted and replaced by the rat GnRH promoter, was constructed in FIG. 1. Characteristics of the 12 clones obtained after conditional immortalization of adult hypothalamic neurons. A, Schematic representation of the two lentiviral constructs: in the first vector, the 2-kb rat GnRH promoter is cloned in front of the tetracycline transactivator; in the second vector, the TRE is cloned in front of v-myc, followed by the minigene encoding resistance to puromycine. IRES, Internal ribosome entry site; DOX, doxycycline. B, Results of PCR experiments demonstrating that the gene coding for rtTA has been integrated in all the clones but that v-myc is not integrated in the genome of clone 8. Gag, Lentiviral gene; MKP1, control gene. C. Results of RT-PCR experiments demonstrating the lack of expression of NSE by clone 8. ␤2 mcg, ␤ 2 -Microglobulin; MW, molecular weight marker; LTR, long terminal repeat. three phases. First, the proximal 2-kb fragment of the rat GnRH promoter was generated by PCR from genomic DNA, cloned in pGEM-T Easy (Promega, Catalys AG, Wallisellen, Switzerland), and verified by sequencing. Primer pairs used were: 5Ј-ATACTAGTGCTTATTAGC-CAGTGAGCAGCAG-3Ј (sense) and 5Ј-AATTGATCACAAGCTTCT-GTCAGTAGGTTGAG-3Ј (antisense, bold letters stand for the restrictions sites SpeI and BclI). Then this fragment was removed by digestion with SpeI and HindIII, the latter site blunted, and subcloned into the pTet-ON plasmid (21) at the blunted EcoRI and SpeI sites in place of the CMV promoter, in the appropriate direction in front of the rtTA element. A fragment containing the 2-kb GnRH promoter and the rtTA element was finally removed from the pTet-ON plasmid by digestion with SpeI and BamHI and inserted at the same restriction sites in the plasmid pSIN-MCS-WHV (22).
For the second vector, the tetracycline response element (TRE) and the MC29 v-myc allele located downstream in the plasmid pUHD10 -3myc (23) were removed by digestion with XhoI (blunted) and BamHI and inserted into the second plasmid, pSIN-MCS-IRES-PURO (22), at the sites NotI (blunted) and BamHI. As a result, the TRE is cloned in front of the avian v-myc used as the immortalizing gene and the gene coding for resistance to puromycine.
Recombinant self-inactivating (SIN) lentiviruses (24) were produced by transient cotransfection of 293T cells with a three-plasmid system. Briefly, 60 -70% confluent 293T cells, cultured on 10-cm dishes, were cotransfected with the following plasmids: 5 g of the packaging construct pCMV⌬R8.91, 5 g of the vesicular stomatitis virus G protein envelope pMD.G, and 15 g of either of the transfer vectors pSINGnRHprom-rtTA or pSIN-TRE-v-myc-IRES-PURO, by using the calcium phosphate technique as described (25). Media were replaced after 16 h and conditioned media collected 48 h after transfection, filtered on 0.45-m pore size filters (Millipore AG, Volketswil, Switzerland), and either immediately used to infect the hypothalamic neurons or snap frozen in LN 2 for later use. To infect the neuronal cultures, equal amounts in volume (1:1) of conditioned media derived from the two lentiviral vectors pSIN-GnRHprom-rtTA and pSIN-TRE-v-myc-IRES-PURO were added to the culture, in the presence of polybrene (8 g/ml, Sigma, Fluka).
After 48 h of transduction, the culture medium was changed, and stimulation with doxycycline (5 g/ml, Sigma, Fluka) as well as selection with puromycine (0.5 g/ml, Sigma, Fluka) was started. Selection with puromycine was carried out for 8 wk before stopping, and stimulation with doxycycline was continued thereafter. After the end of the selection process, 12 different clones were isolated by dilution and following the soft agar method (26). These clones were named GnRH/vmyc (Gnv) cells and numbered from 1 to 12. GnRH expression at the mRNA level was found maximal in clones 3 and 4. Subsequent work reported here was performed using clone 3 (Gnv-3 cells), and clone 4 (Gnv-4 cells) is described in the companion manuscript of this paper (27).
Culture and characterization of Gnv-3 cells
Gnv-3 cells are expanded in a proliferation medium composed as follows: neurobasal A medium with B27 supplement and containing 1% FBS (Invitrogen), 5 g/ml doxycycline, penicillin and 5 ng/ml bFGF (Invitrogen). They are passaged by trypsin digestion (Invitrogen) every 4 -5 days, and several aliquots of the same passage (passage 3 or 4) are frozen and conserved. This procedure allows to use cells at the same early passage for all experiments. For each experiment, one of these aliquots is rewarmed, plated in proliferation medium and allowed 4 -5 days before passage. After passage, the cells are plated in 6-well plates or in 10 cm Petri dishes in differentiation medium containing: neurobasal A medium alone, with glutamine (Invitrogen) and bFGF (Invitrogen). This medium was named differentiation medium because under these culture conditions, the shape of the cells changes: their bodies become thinner and elongated, and they develop many intercellular connections. Because of the high glucose content of neurobasal A (25 mm), the medium was changed again, 16 -24 h before the experiments, for DMEM low glucose (5 mm glucose, Invitrogen). All experiments were performed using these culture conditions.
Cell growth
Cell growth in the proliferation medium (presence of doxycycline) and the differentiation medium (absence of doxycycline) was evaluated following a modification of the tetrazolium colorimetric assay (28), which is based on the ability of living cells to reduce the yellow salt 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide to formazan. Cells were plated at precisely 50,000 cells/well in 6-well plates. On d 0 of the experiment and every 24 h thereafter for 6 consecutive days, 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (0.5 mg/ml, Sigma, Fluka) was added to the medium in triplicate wells. Four hours later, the supernatants of these triplicate wells were gently aspirated and the newly formed formazan crystals dissolved by the addition of 1.5 mL of dimethylsulfoxide [100%, Merck (Suisse) SA, Geneva, Switzerland] with 25 l of glycine buffer [0.1 m glycine (pH 10.5); Merck]. Absorbance was then measured at 540 nm in a spectrophotometer (Uvicon 940, Kontron, Eching, Germany). This experiment was performed on two separate occasions.
RT-PCR and quantitative RT-PCR
For these experiments, cells in the differentiation medium were grown either in 10-cm petri dishes (RT-PCR) or 6-well plates (quantitative RT-PCR). At the end of the experiment, total RNA was extracted using commercially available reagents (TriPure reagent, Roche Diagnostics, Rotkreuz, Switzerland). For RT-PCR experiments, reverse transcription with SuperScript II (Invitrogen) was performed with random primers, and the primer pairs used in the various PCRs are listed in Table  1 , together with gene accession numbers. PCRs were performed on a GeneAmp PCR system 9700 thermocycler (PE Applied Biosystems, Rotkreuz, Switzerland).
Quantitative RT-PCR experiments are performed using the LightCycler technology (Roche Diagnostics) with SYBR green detection as described (29). Reverse transcription was done with random primers. Then a standard curve was created with serial dilutions of RNA extracts from whole hypothalami. Different dilutions of the samples were always tested in preliminary experiments to ensure that quantification would be performed within the linear part of this standard curve. After this test, all samples were quantified in at least three different runs. For quantification purposes, the mRNA levels of the gene of interest were always reported to the levels of ␤ 2 -microglobulin, a constitutively expressed gene. A value of 100% was then attributed to the control sample in each separate experiment, and all measures were reported as a percent of this control.
Immunohistochemistry
Immunohistochemistry was performed at room temperature as described (19), using an avidin-biotinylated horseradish peroxidase macromolecular complex kit (ABC Elite, Vector, Burlingame, CA). Cells were fixed for 40 min in 4% paraformaldehyde (Merck) and rinsed three times in PBS and one time in 0.05 m Tris (Sigma) (pH 7.4), 0.6% NaCl, 0.3% Triton X-100 (Merck), and 10% goat serum (Gibco). After quenching of endogenous peroxidase activity, nonspecific binding was blocked by incubating 1 h in 0.05 m Tris (Sigma) (pH 7.4), 0.6% NaCl, and 0.3% Triton X-100 (Merck). Incubations with the primary antiserum (polyclonal GnRH antiserum, Bio-Yeda Ltd., Rehovot, Israel) were performed overnight at a final dilution of 1:400, and then cells were washed and further incubated 1 h with a biotinylated secondary antibody (Jackson, West Grove, PA). After three washes in 0.1 m Tris-HCl (pH 7.7), cells were incubated in the ABC reagent, washed again, and finally incubated in diaminobenzidine peroxidase substrate solution [50 mg per 100 ml 3-3Ј diaminobenzidine (Sigma) in 0.1 m Tris-HCl, 0.018% H 2 O 2 (pH 7.7)]. Negative controls were obtained by incubating the primary antiserum with excess GnRH before use.
Western blotting
The expression of v-myc and the insulin receptor (IR) was also assessed by Western blot from cells plated at a density of 40,000 cells/well in 6-well plates. On the day of the experiment, cells were rinsed with ice-cold PBS and lysed with the radioimmunoprecipitation assay buffer [10 mm Tris (pH 7.5), 100 mm NaCl, 1 mm EDTA, 0.5% Na-deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100] supplemented with complete protease inhibitor cocktail (Roche Biochemicals, Rotkreuz, Switzerland). After this procedure, lysates were homogenized by sonication during 30 -60 sec. Cells debris was removed by centrifugation at 14,000 rpm for 15 min at 4 C. The protein concentration of the supernatant was determined using commercially available reagents (Bio-Rad protein assay, Bio-Rad, Reinach, Switzerland). Proteins were resolved by 10% SDS-PAGE electrophoresis and transferred to a polyvinylidine difluoride membrane (Hybond-P, Amersham Biosciences, Otelfingen, Switzerland). Blots were blocked for 2 h at room temperature in PBS containing 5% nonfat dried milk and 0.05% Tween 20. Then they were incubated overnight at 4 C in the same buffer containing the primary antibody.
For v-myc, experiments were performed either with proliferating cells or after the change for the differentiation medium, using a monoclonal antibody (Oncogene Research Products, La Jolla, CA) at a final dilution of 1:1000. For the IR, experiments were performed only with cells in the differentiation medium, using a monoclonal antibody directed against its ␤-subunit (Oncogene Research Products) at a final dilution of 1:1000. Equal amounts of proteins were resolved by 10% SDS-PAGE electrophoresis and transferred to a PDVF membrane (Hybond-P, Amersham Biosciences) and antibody complexes visualized by the enhanced chemiluminescence system (Amersham, Arlington Heights, IL).
Secretion experiments
Static secretion experiments were performed in 6-well plates, and perifusion experiments were performed with cells grown onto plastic coverslips (Assistant, Karl Hecht BmgH & Co. KG, Altnau, Switzerland) coated with 5 g/ml poly-d-lysine (Sigma, Fluka Chemie) as described (18, 19). We used two coverslips in each perifusion chamber, with approximately 400,000 cells/coverslip. The perifusion rate was set at 150 l/min, and fractions were collected every 4 min. During the experiment, the perifusion medium was constantly gassed with a mixture of 95% O 2 and 5% CO 2 . GnRH was directly assayed in the medium, or in the effluent, by RIA as previously described (18), using the antiserum used for immunohistochemistry. The limit of detection of this assay is 2 pg/ml.
Experimental procedures
The responsiveness of Gnv-3 cells to N-methyl d-aspartate (NMDA) and nicotine, both recognized activators of GnRH secretion in adult Primers are 5Ј to 3Ј; length is in base pairs. GnRH neurons (30 -32), was assessed in static cultures and, for nicotine, in perifusion experiments. Cells in static culture were exposed for 2 h to either NMDA or nicotine at concentrations ranging from 10 Ϫ6 to 10 Ϫ3 m. At the end of the incubation period, GnRH was measured in the medium by RIA. In addition, the effect of NMDA on GnRH gene expression was also studied by incubating the cells for 6 h with NMDA (5 ϫ 10 Ϫ5 m) and measuring mRNA levels of GnRH in total RNA extracts by real-time quantitative RT-PCR.
To investigate the intracellular signaling pathway(s) potentially activated by insulin, Gnv-3 cells in the differentiation medium (see above) were stimulated with insulin at a concentration of 4 ϫ 10 Ϫ5 m for various time periods up to 30 min. The use of this insulin concentration was based on preliminary experiments as well as our previous work in primary neuronal cell cultures (18). The activation of the MAPK Erk1/2 pathway or the PI3K pathway was assessed by Western blot. For Erk1/2, membranes were first incubated as described above with a monoclonal antibody against phosphospecific Erk1/2 (Cell Signaling Technology, Inc., Beverly, MA). Data were quantified by densitometric analysis of autoradiograms, using a computerized densitometer (Typhoon system, Molecular Dynamics, Inc., Sunnyvale, CA). Then the membranes were stripped and hybridized again with a monoclonal antibody directed against total Erk1/2 (Cell Signaling Technology) to allow normalization. The activation of the PI3K-dependent pathway was evaluated similarly by measuring the phosphorylation of its downstream substrate Akt. Immunodetection was first performed with antibodies specific for phospho-Akt (Ser 473) (New England Biolabs, Beverly, MA). After quantification, membranes were stripped and incubated with antibodies against total Akt forms (Santa Cruz Biotechnology, Santa Cruz, CA) to allow normalization. For all Western blot data, the ratio of phosphorylated over total enzyme was calculated at each time point and expressed as a percent of baseline. Time 0 was arbitrarily considered as 100%.
The expression of suppressor of cytokine signaling (SOCS)-3 was then evaluated in Gnv-3 cells at different time points between 30 and 120 min after stimulation with the same concentration of insulin (4 ϫ 10 Ϫ5 m). Similar stimulations with insulin (4 ϫ 10 Ϫ5 m) were performed in parallel at the same time points to study its effects on the expression of the immediate early genes c-fos and Egr-1, two markers of neuronal activation. Finally, the effects of insulin on the expression of GnRH were also evaluated in Gnv-3 cells. These effects were tested at various time courses between 2 and 24 h, with insulin concentrations ranging between 4 ϫ 10 Ϫ5 and 4 ϫ 10 Ϫ8 m. Because insulin was found to stimulate the expression of GnRH at relatively high concentrations, similar experiments were then performed with IGF-I at concentrations between 10 Ϫ7 and 10 Ϫ9 m. Effects of IGF-I were checked at 2 h, the time point at which insulin had the highest effect. mRNA levels of SOCS-3, c-fos, Egr-1, and GnRH were measured by semiquantitative, real-time RT-PCR of total mRNA extracts as described above.
Next, the role in the stimulation of GnRH expression by insulin played by the two pathways identified in Gnv-3 cells (PI3K and Erk1/2) was further evaluated in primary hypothalamic neuronal cell cultures (19). First, their stimulation by insulin (4 ϫ 10 Ϫ4 m) was confirmed in primary neurons. Erk1/2 phosphorylation was assessed by Western blot, and PI3K activity determined as previously described (33) was used as a measure of PI3K stimulation. Then we used enzymatic inhibition of either the MAPK or PI3K pathway to evaluate their respective role in the stimulation of GnRH gene expression by insulin. The effect of insulin (4 ϫ 10 Ϫ4 m) on GnRH mRNA levels was studied in cells either pretreated for 30 min or not with the PI3K inhibitor wortmannin (1 m, Sigma, Fluka) or pretreated for 30 min or not with the Erk1/2 inhibitor PD98059 (25 m, Sigma, Fluka).
Data analysis
Pulse detection in perifusion experiments was performed with Cluster 8, a model-free computerized pulse analysis algorithm to identify statistically significant pulses in relation to dose-dependent measurement error in a hormone time series (34). We used the software package Pulse_xp (2004 version; University of Virginia, Charlottesville, VA) running under Windows XP. Criteria used for pulse identification were the following: 1) individual test cluster sizes of three consecutive points for both the nadir and the peak width; 2) a minimum and maximum intraseries coefficient of variation of 10 and 15%, respectively; and 3) a t statistic to identify a significant increase and a t statistic to define a significant decrease.
All results are expressed as mean Ϯ sem, and a minimum of three independent experiments were always performed. Statistical significance of all results was assessed by ANOVA, with P Ͻ 0.05 considered a significant difference. Figure 1 , B and C, summarize the initial characterization of the 12 clones obtained with this approach. Figure 1B represents the results of PCR experiments performed on their genomic DNA (labeled 1-12 ). These data demonstrate that the rtTA as well as the GAG lentiviral gene are both integrated in the genome of all 12 clones but that the v-myc oncogene is not found in clone 8. Figure 1C displays the results of RT-PCR experiments performed on total RNA samples of the same 12 clones. Consistent with the above results, clone 8 does not express neuron-specific enolase (NSE), a neuronal marker (35) . The rest of the work presented here was performed with clone 3 (called Gnv-3 cells, clone 3). Table 2 summarizes the characterization that was further performed on Gnv-3 cells by RT-PCR. As shown, these cells express the light chain of neurofilaments (NFL), which is another marker of well-differentiated neurons (36) , as well as several markers of neurosecretory neurons such as synaptobrevin, synapsin 1, synaptophysin, synaptosomal-associated protein of 25 kDa (SNAP25) vesicle-associated membrane protein (VAMP)1 and VAMP2, or chromogranin B (37) (38) (39) (40) (41) . In contrast, a marker of poorly differentiated neurons, the microtubule-associated protein (MAP)-2b isoform of MAP-2 (42), is not expressed by Gnv-3 cells. Similarly, we found no expression of glial cell markers in this clone, further confirming its well-differentiated neuronal phenotype. Finally, among the various neuroendocrine markers that were tested, we found that Gnv-3 cells express exclusively GnRH, both at the mRNA and the protein levels. This is further exemplified in Fig. 2A , which demonstrates the uniform positive immunostaining for GnRH observed in these cells. Their GnRH secretion was then assessed in perifusion experiments. Figure 2B illustrates the pattern of basal GnRH secretion observed. Significant pulses identified by Cluster 8 are indicated by a solid line on top of the plot. When summarizing the data from three independent perifusion studies, the mean basal frequency of GnRH secretion from Gnv-3 cells was 2.2 Ϯ 0.68 pulses/h, with a mean interpulse interval of 24.69 Ϯ 5.69 min. The mean increase over calculated baseline of these peaks was 3.17 Ϯ 0.1 pg/ml. Figure 2C illustrates the significant increase in GnRH mRNA levels observed after 6 in Gnv-3 cells exposed to NMDA (5 ϫ 10 Ϫ5 m). This increase in GnRH gene expression after exposure to NMDA (5 ϫ 10 Ϫ5 m) is also accompanied by an increase in GnRH secretion (data not shown). Similarly, stimulation of Gnv-3 cells with nicotine (10 Ϫ6 m), either in static cultures or perifusion experiments, was observed to stimulate GnRH secretion acutely (data not shown). Finally, Fig. 2D demonstrates that the proliferation of Gnv-3 cells is dependent on the presence of doxycycline in the culture medium, which consistently stimulates the expression of v-myc (Fig.2D, inset) . Without doxycycline, v-myc is not detected by Western blot (Fig.2D, inset) and the proliferation of the cells is markedly lower. Figure 3A demonstrates that the IR is expressed at the mRNA level (RT-PCR) and the protein level (Western blot). However, we failed to demonstrate consistently the presence in this clone of the long isoform of the leptin receptor (Ob-Rb) by RT-PCR. The level of expression of the IR in Gnv-3 cells, as assessed by Western blot, is comparable with that observed in fresh hypothalamic extracts and lower than that observed in muscle or brain. We then investigated the intracellular signaling pathway(s) that may be linked with the IR in these cells. Figure 3B illustrates the rapid, strong, and long-lasting stimulation of the phosphorylation of the MAPKs Erk1/2 that follows exposure of Gnv-3 cells to insulin. Similarly, the phosphorylation of AKT, downstream of PI3K, is rapidly and strongly stimulated by insulin in the same cells (Fig. 3C) . Finally, SOCS-3 mRNA levels are increased after exposure to insulin, as reported for other insulin-sensitive tissues (43) (Fig. 3D) .
Results
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IRs and leptin receptors
Insulin effects in Gnv-3 cells
The results illustrated in Figs insulin is of a longer duration: Egr-1 mRNA levels are still significantly higher than baseline 2 h after the stimulation. Finally, Fig. 4C displays the effects of insulin on GnRH expression in these cells. These data demonstrate the significant and dose-dependent increases in GnRH mRNA levels observed after insulin stimulation. This effect is rapid, already maximal at 2 h (as shown in the figure). A similar stimulation was still observed after 4 h of incubation with insulin, but after 24 h, no effect of insulin was noted in Gnv-3 cells (data not shown). In contrast, IGF-I at the concentrations tested did not induce any significant change in GnRH mRNA levels in our model: after 2 h of incubation with IGF-I at the concentration of 10 Ϫ7 m, these levels were 161.2 Ϯ 25.7% of control (n ϭ 4), and they were 139.0 Ϯ 19.0% of control after 2 h in the presence of IGF-I at the concentration of 10 Ϫ8 m.
Insulin signaling in primary hypothalamic neurons
Previous work from our group had demonstrated that insulin stimulates GnRH gene expression in primary hypothalamic neuronal cell cultures (18). Therefore, we next examined in primary neurons the respective importance of the two signaling pathways activated in Gnv-3 cells. Figure 5 summarizes our findings. Figure 5A illustrates the very strong and long-lasting increase of PI3K activity observed in primary hypothalamic neurons stimulated by insulin: this activity is still significantly higher than control after 2 h. Results reported in this graph were obtained after immunoprecipitation of the cell extracts with an antiinsulin receptor substrate (IRS)1 antibody, but very similar results were observed after immunoprecipitation with an anti-IRS2 antibody (data not shown). Despite this PI3K activation, its inhibition by pretreatment with wortmannin did not block the GnRH mRNA levels increase by insulin seen in this model (Fig. 5B) . PI3K activity inhibition in these conditions was demonstrated by showing complete inhibition of the downstream Akt serine/threonine kinase (data not shown). Therefore, the potential role of the MAPK Erk1/2 pathway was then evaluated in these neurons, using a similar approach. As anticipated from results obtained in Gnv-3 cells, data reported in Fig. 5C show that this pathway is also stimulated by insulin in primary hypothalamic neurons. However, and in sharp contrast to the observation made with wortmannin, inhibition of the phosphorylation of Erk1/2 by pretreatment of the cells with the enzyme inhibitor PD 98059 completely abolished the effect of insulin on GnRH expression.
Discussion
Metabolic changes are known to alter the central nervous system control of reproduction through variations in circulating levels of peripheral signals. Leptin as well as insulin is among the metabolic factors involved (6, 14, 18), acting via a modulation of the activity of highly specialized subpopulations of neurons. The two hormones have in common to modulate feeding behavior, acting as peripheral satiety factors (44) , and to work as permissive signals for the activation of the neuroendocrine gonadotrope axis (14, 45) . Because the control of feeding and that of reproduction are two vital phenomena controlled by the hypothalamus, important target neurons of leptin and insulin in this setting are likely located in that area of the brain. And indeed, NPY-or proopiomelanocortin (POMC)-expressing neurons of the arcuate nucleus represent such targets for their feeding effects (44, 46 -48) . The actions of leptin on the reproductive neuroendocrine axis are also, at least partially, mediated by NPY-ergic neurons and pathways (9, 10, 49) . In contrast, the hypothalamic targets of insulin in this respect remain to be elucidated. Here we report the generation of novel cell lines that exhibit many phenotypic characteristics of mature neurons and express GnRH. We used one of these cell lines (Gnv-3) in parallel with primary hypothalamic neuronal cell cultures to evaluate the potential effects and mechanisms of action of insulin in GnRH-expressing neurons.
The use of a cell line was dictated by the difficulty, in primary hypothalamic cultures, to identify the precise type of neurons involved in any measured effect. Indeed, primary cultures consist of different cell types besides GnRH neurons. In such a system, an effect observed on GnRH expression or secretion can result from either a direct modulation of GnRH neurons or local interactions between other cell types directly sensitive to the stimulus applied and the GnRH neurons themselves. In the present case, the insulin-induced increase of GnRH gene expression could be mediated via an inhibition of NPY-expressing neurons. Therefore, we reasoned that the study of a neuronal cell line in parallel with primary cultures would allow to better ascertain the direct sensitivity of GnRHexpressing cells to insulin.
The two different GnRH neuronal cell lines readily available (50 -52) are widely used and have proven extremely useful in the study of GnRH physiology (53, 54) . However, we took the option to generate another cell line to test the possibility to render the immortalization process conditional. We used a modified Tet-On system (55) and lentiviral vectors derived from HIV (22) because they can transduce nondividing, postmitotic neurons. The 11 clones expressing NSE obtained after the infection of primary adult hypothalamic neuronal cell cultures represent the first successful conditional immortalization of hypothalamic neurons, demonstrating the validity of our experimental approach. Data reported here were obtained in one of these clones, the Gnv-3 cell line. In addition to the neuronal marker NSE, Gnv-3 cells exhibit different markers of well-differentiated neurons and stain uniformly positive for GnRH. The Tet-On system controlling the expression of v-myc is tightly regulated in these cells, as evidenced by Western blot experiments showing no expression of the oncogene in the absence of doxycycline. Furthermore, the presence of doxycycline in the medium induces a very significant stimulation of cell proliferation.
As anticipated from data obtained in GT1-7 cells (50, 56, 57) , the Gnv-3 cells described here secrete GnRH in a pulsatile manner at baseline, confirming that pulsatile GnRH secretion is a feature of this novel cell line. Overall, the results of our phenotypic and functional characterization demonstrate that Gnv-3 cells exhibit many features of adult, mature GnRH neurons, including responsiveness to NMDA (30, 31) and nicotine (32) stimulation. Therefore, these cells probably represent a valuable new tool to study the physiology of GnRH-expressing neurons at the cellular and molecular levels.
To assess potential responsiveness of Gnv-3 cells to leptin or insulin, we first evaluated the expression of both the long isoform of the leptin receptor and that of the IR. We failed to demonstrate any significant expression of the leptin receptor by RT-PCR. This negative result is reminiscent of previous in situ hybridization data that failed to demonstrate any expression of the leptin receptor by GnRH-expressing neurons in vivo (48) . Thus, it supports the hypothesis that Gnv-3 cells closely resemble wild-type GnRH neurons.
In contrast, the IR is expressed at both the mRNA and protein levels in Gnv-3 cells, suggesting that GnRH neurons may be directly modulated by insulin. This finding prompted us to investigate the effects of insulin on these GnRH-expressing cells. We first examined the downstream intracellular signaling pathways potentially involved in our model. We show here that in Gnv-3 cells, the IR is coupled to the two classical signaling pathways of insulin: a PI3K-dependent pathway and a MAPK Erk1/2 pathway (43). Moreover, the expression of SOCS-3 is also rapidly stimulated by insulin in these cells, as is true for other insulin-sensitive tissues in which SOCS-3 plays an important physiological role as a negative regulator of insulin signaling (58, 59) . These results should be confirmed in vivo, but they suggest that hypothalamic GnRH neurons could be an insulin-sensitive tissue. Consistently, our functional data show that stimulation of Gnv-3 cells by insulin induces a rapid stimulation of the expression of the immediate early genes c-fos and EGR-1. This is followed after 2 h by significant increases in GnRH mRNA levels, providing the first indirect evidence that insulin might activate hypothalamic GnRH neurons. It should be stressed, however, that these effects were observed at relatively high concentrations of insulin. The need to use such high concentrations of peptides could be specific to these in vitro models (18, 19), although very little is known about the actual concentrations of neuropeptides present within synaptic connections in vivo.
We then took advantage of our parallel use of primary cultures of hypothalamic neurons to evaluate the role of these two signaling pathways in nontransformed cells. Given the newly recognized importance of the PI3K-dependent intracellular signaling pathway for the feeding effects of insulin in hypothalamic neurons (20), its potential involvement in the stimulation of GnRH gene expression by insulin was first investigated. We show here that consistent with data obtained in Gnv-3 cells, insulin activates the PI3K pathway in hypothalamic neurons in culture. However, pretreatment of the cells with the PI3K inhibitor wortmannin had no effect on the insulin-induced increase in GnRH mRNA levels observed, suggesting that this pathway is not primarily implicated. Because we could also demonstrate that the MAPK Erk1/2 pathway is also activated after exposure of primary neuronal cell cultures to insulin, we then studied further the potential implication of this pathway. By using an enzymatic inhibitor of the MAPKs, Erk1/2, we show here that inhibition of Erk1/2 phosphorylation before insulin stimulation completely blocks the effect of insulin on GnRH mRNA levels. These results are the first demonstration of an implication of this pathway in the central effects of insulin. Although we cannot ascertain in this model whether GnRH neurons are implicated, these data are consistent with our findings in Gnv-3 cells, suggesting that Erk1/2 may be involved in an activation of GnRH neurons by insulin. This hypothesis is also corroborated by previous results showing that the stimulation of the expression of c-fos and Egr-1 by insulin, as seen in Gnv-3 cells, is dependent on MAPK activation (60, 61) . Unfortunately, the effects of an inhibition of the MAPK Erk1/2 pathway could not be elucidated in Gnv-3 cells because of a toxicity of dimethylsulfoxide in that model. In summary, the GnRH neuronal cell lines described here represent the first conditional immortalization of adult rat hypothalamic neurons. The tight control of the expression of the v-myc oncogene achieved by the TET-ON system may account for their high level of differentiation. Using these cells, which express all the cellular and molecular apparatus characteristic of insulin-sensitive tissues, we provide data suggesting that hypothalamic GnRH neurons can be directly modulated by insulin. Finally, we have identified a novel role of the MAPK Erk1/2 signaling pathway in mediating some important actions of insulin within the central nervous system, a crucial observation to understand the regulation of reproductive activity by this hormone. Further work will be necessary to demonstrate the physiological importance of this pathway in the activation hypothalamic GnRH neurons in vivo. 
